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Background: Most gene-environment interaction studies (G 9 E) have focused on single candidate genes. This
approach is criticized for its expectations of large effect sizes and occurrence of spurious results. We describe an
approach that accounts for the polygenic nature of most psychiatric phenotypes and reduces the risk of false-positive
findings. We apply this method focusing on the role of perceived parental support, psychological control, and harsh
punishment in depressive symptoms in adolescence. Methods: Analyses were conducted on 982 adolescents of
Caucasian origin (Mage (SD) = 13.78 (.94) years) genotyped for 4,947 SNPs in 263 genes, selected based on a literature
survey. The Leuven Adolescent Perceived Parenting Scale (LAPPS) and the Parental Behavior Scale (PBS) were used to
assess perceived parental psychological control, harsh punishment, and support. The Center for Epidemiologic
Studies Depression Scale (CES-D) was the outcome. We used gene-based testing taking into account linkage
disequilibrium to identify genes containing SNPs exhibiting an interaction with environmental factors yielding a p-
value per single gene. Significant results at the corrected p-value of p < 1.90 9 104 were examined in an
independent replication sample of Dutch adolescents (N = 1354). Results: Two genes showed evidence for
interaction with perceived support: GABRR1 (p = 4.62 9 105) and GABRR2 (p = 9.05 9 106). No genes interacted
significantly with psychological control or harsh punishment. Gene-based analysis was unable to confirm the
interaction of GABRR1 or GABRR2 with support in the replication sample. However, for GABRR2, but not GABRR1,
the correlation of the estimates between the two datasets was significant (r (46) = .32; p = .027) and a gene-based
analysis of the combined datasets supported GABRR2 9 support interaction (p = 1.63 9 104). Conclusions: We
present a gene-based method for gene–environment interactions in a polygenic context and show that genes interact
differently with particular aspects of parenting. This accentuates the importance of polygenic approaches and the
need to accurately assess environmental exposure in G 9 E. Keywords: Gene–environment interaction; polygenic;
parenting; gene-based testing; adolescents; depression.
Introduction
Depression in adolescence remains a major concern,
both for its concurrent implications and its risk for
psychopathology and impaired well-being in adult-
hood (Lahey, 2015; McLeod, Horwood, & Fergusson,
2016). It is widely assumed that depression, along
with other psychiatric disorders, has a polygenic
basis (Ripke et al., 2013; Smoller et al., 2013).
However, in contrast to schizophrenia, few studies
have been successful yet in identifying genome-wide
significant markers for depression (Flint & Kendler,
2014; Hyde et al., 2016; Levinson et al., 2014).
The paucity of robust genetic findings may be due
to the involvement of environmental stressors in
depression and, subsequently, the lack of methods
that integrate these environmental stressors in a
polygenic context (Levinson et al., 2014; Ripke et al.,
2013). Gene–environment interactions (G 9 E) are
expected to be important in the field of psychiatry, as
phenotypes are typically characterized by an inter-
play of environmental stressors and a biological –
genetic – predisposition. G 9 E is often seen as a first
step into this etiological complexity (Zannas & Bin-
der, 2014). Polygenic gene–environment interaction
studies may fill this gap (Plomin, 2013; Ripke et al.,
2013; Winham & Biernacka, 2013). So far, most
G 9 E research has focused on single genes or aConflict of interest statement: No conflicts declared.
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limited number of genetic markers (Caspi et al.,
2003; Dunn et al., 2011), which fails to grasp the
underlying polygenic architecture of psychiatric dis-
orders such as depression. In their review on candi-
date genes in G 9 E research, Duncan and Keller
(2011) criticized the risk of spurious findings, as well
as the expectations of single variants with large effect
sizes. This is indeed not supported by the current
GWAS literature, showing that many SNPs con-
tribute simultaneously to the phenotype (Purcell
et al., 2009; Smoller et al., 2013). In their efforts to
understand the complexity of psychiatric pheno-
types at a polygenic level, researchers have turned to
polygenic risk scores (Purcell et al., 2009; Wray
et al., 2014). These scores allow for a combined risk
assessment of multiple polymorphisms that collec-
tively explain a larger part of the genetic suscepti-
bility for complex disorders (Manolio et al., 2009;
Plomin, 2013). However, in a polygenic context, it
can be expected that multiple genes interact with
different environmental aspects (Viding, 2013), high-
lighting two concerns with the current application of
polygenic risk scores in G 9 E research. First, the
polygenic scores are often constructed based on
the main effects of SNPs, and the interaction of the
polygenic score with the environment is analyzed
subsequently (Peyrot et al., 2015; Vinkhuyzen &
Wray, 2014). This assumes that genes, important
for the main effect, are equally important in the
interaction, which is not necessarily the case.
Although different exposures are likely to require
different polygenic risk scores, the approach of a
‘stress-sensitivity score’ as a genetic endophenotype,
may thus be an important step forward in the field of
G 9 E (Keers et al., 2016). Second, the primary goal
of G 9 E research is not to identify risk genes (for
which GWAS is a superior approach), but rather
unraveling the biological processes through which
environmental factors may impact disease risk (van
Winkel, 2015). As the polygenic risk score is an
overall measure of disease risk, it is unclear which
specific genes or biological pathways interact with
specific aspects of the environment, preventing the
incorporation of G 9 E as an aid for reliable strati-
fication or a useful tool in understanding the etio-
logical processes involved in the development of
psychopathology.
We describe a method to examine statistically
significant findings within genes, taking into account
the linkage disequilibrium (LD) structure of the gene.
With this method, we explore the involvement of
multiple genes in adolescent depressive symptoms,
as they interact with perceived parenting, focusing
on perceived parental support, psychological con-
trol, and harsh punishment. Our previous work,
along with other research, has shown that these
parenting variables are strongly correlated with
depressive symptoms, the first one negatively, and
the latter two positively (B. D. McLeod, Weisz, &
Wood, 2007; Van Assche et al., 2016). At the level of
genetic variation, we use an extended candidate gene
approach with 263 different genes known to be
involved in neurotransmission, represented by
4,947 SNPs. Our expectation was that different
genes would interact with different perceived par-
enting aspects in explaining depressive symptoms in
adolescents.
Methods
Sample characteristics
The analyses presented in this paper use data from the
STRATEGIES project (acronym for Studying Transactions in
Adolescence: Testing Genes in Interaction with Environments).
From an original sample of 1,111 adolescents (mean age:
13.79 years, SD = .93, 51% boys), 1,103 (99%) agreed to
participate in the genetic part of the study. The adolescents
were recruited from nine schools situated in Flanders, Bel-
gium. After genotyping quality control, the sample comprised
1,031 adolescents. The quality control steps are discussed in
detail in the supplementary data, available online. Ancestry
was assessed asking about grandparents’ country of birth.
Only the adolescents with reported Caucasian ethnicity
(n = 982) were included in the analyses described in this
manuscript.
Ethical considerations: both parents and adolescents gave
written consent for the use of psychological data and DNA
sampling. The study protocol was approved by the biomedical
Internal Review Board of KU Leuven, Leuven, Belgium.
The TRAILS dataset (N = 1,354; 48% boys) was used for
replication analysis (Oldehinkel et al., 2015). We used the data
from wave 2 for the replication of the main effect, as the age
was closest with our data (mean age: 13.02 years). Parenting
was only available at wave 1 (mean age: 10.58 years). There-
fore, these data were used in order to replicate the G 9 E
results.
Depressive symptoms and perceived parenting
The Center for Epidemiologic Studies Depression Scale (CES-D
Scale) was used to measure depressive symptoms and was
scored according to the developers’ guidelines (Radloff, 1977).
Scores range from 0 to 60 with higher scores reflecting higher
levels of depressive symptoms. As we are focusing on the
prevalence of depressive symptoms in an adolescent popula-
tion sample, we handle the scores as a continuous measure.
This implies that we cannot draw conclusions on the psychi-
atric diagnosis of major depressive disorder (MDD).
All adolescents were asked to complete self-report ques-
tionnaires regarding multiple aspects of perceived parenting.
This 65-item questionnaire comprised 10 different subscales,
which are discussed in detail in the supplementary informa-
tion. Adolescents responded using a 5-point Likert-type rating
scale ranging from 1 = (almost) never to 5 = (almost) always. A
factor analysis with these 10 subscales yielded five factors:
perceived parental support, proactive control, psychological
control, punishment, and harsh punishment. A full descrip-
tion of the subscales and statistical aspects of the factor
analysis can be found in Janssens et al.(2015). For the
present manuscript, only the three perceived parenting vari-
ables (E) with a significant association with reported depres-
sive symptoms in our previous research (Table 1; Van Assche
et al., 2016) were selected for analysis: perceived support (PS,
e.g. ‘My parents encourage me to find my own direction’),
perceived psychological control (PPC, e.g. ‘My parents make
me feel guilty when I did something wrong’), and perceived
harsh punishment (PHP, e.g. ‘My parents slap me when I did
something wrong’).
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The TRAILS dataset used the revised child anxiety and
depression scale (RCADS; Chorpita, Yim, Moffitt, Umemoto, &
Francis, 2000). As our outcome of interest is depressive
symptoms, we only used the 10-item depression subscale.
Parenting was assessed in the TRAILS dataset by the EMBU-C
(Markus, Lindhout, Boer, Hoogendijk, & Arrindell, 2003).
Table 2 provides demographic information on the two samples.
We used a factor analysis to identify items that were closest to
the ones assessed in our primary sample. We selected items
assessing perceived parental responsiveness and autonomy
(for details, see supplementary data). We included nine items
of the EMBU-C scale that showed a loading of minimum 0.45
on the first factor and on no other factor with more than 0.20.
Our selection of items showed a high correlation with the
original emotional warmth subscale (r(1,326) = .93,
p < 2 9 1016).
SNPs, genotyping, and QC
The setup of the study was based on known neurotransmitter-
related protein interaction networks (Franceschini et al., 2013)
of the phenotype (depressive symptoms) and genetic variants
known to be involved in neurotransmission. We selected 344
genes involved in nine neurotransmitter pathways: serotonin,
dopamine, HPA-axis, oxytocin, GABA, glutamate, choline,
noradrenergic neurotransmission, and the clock pathway.
For each gene, we selected tagging SNPs to reveal the LD-
structure of the gene (using Haploview (Barrett, Fry, Maller, &
Daly, 2005)), as well as a number of SNPs known from previous
candidate SNP work (e.g. rs25531(SLC6A4), rs6265(BDNF),
and rs4680(COMT)). A total of 7,043 SNPs were genotyped for
all 1,103 individuals.
We followed the protocol of Anderson et al.(2010) and the
supplementary data from Purcell et al.(2009) as a guideline for
quality control, adapting the specificities for a case–control
design to a continuous phenotype. After quality control, the
dataset comprised 5,052 SNPs for 1,031 individuals. For the
statistical analysis, only genes with three or more SNPs were
selected (i.e. 263 genes with 4,947 SNPs). Details are described
in the supplementary data.
Statistical analysis
The statistical analyses were conducted using R (v3.2.4. R
Development Core Team, 2008). Linear regression analyses
were conducted to examine the interaction of each SNP (G) with
the three selected environmental variables (E) respectively in
explaining depressive symptoms (CES-D, log-transformed). All
analyses are controlled for gender (dummy coded) and age.
Further statistical details can be found in the supplementary
information. Following recent guidelines for G 9 E testing,
proper control of potential confounders requires adding the
interaction between each confounder and the G and E vari-
ables to the model (Keller, 2014). SNPs were coded for additive
testing as recommended (Cantor, Lange, & Sinsheimer, 2010;
Hill, Goddard, & Visscher, 2008; more information on the allele
coding is available upon request). Because all non-Caucasian
adolescents were excluded from analysis, we did not correct for
ancestry in our final model.
For the second stage of the analysis, we extracted the
estimated coefficient, test statistic, and p-value for b4 (i.e. the
G 9 E interaction term; b1 for the main effect analysis) for each
SNP. SNPs were annotated to the 263 genes using Ensembl
and BioMart (Curwen et al., 2004; Smedley et al., 2015). We
then used gene-based testing to identify genes with SNPs
showing an interaction with the environmental variable by
pooling the p-values for all SNPs in the same gene. Standard
methods for combining the results of multiple tests (e.g. Fisher,
1932) cannot be used for this purpose, because these methods
typically assume that the tests are independent. In the present
case, we know that the SNPs are not independent due to
linkage disequilibrium (LD). Therefore, we used Brown’s
method (Brown, 1975) for the combination of the tests (i.e.
an extension of Fisher’s method), which allows for dependency
between the tests to be combined. Hence, we obtained the LD
correlation matrices for all SNPs (using PLINK v1.07; Purcell
et al., 2007) and applied Brown’s method to obtain a test per
gene with correction for linkage disequilibrium. A more
detailed description of Brown’s method is provided in the
Section 3 in Appendix S1. The approach presented does not
allow the researchers to evaluate the direction of the effect at
Table 1 Characteristics of the environmental variables
PS PPC PHP
Median; Mean (SD) 4.01; 3.91 (.64) 1.74; 1.88 (.64) 1.00; 1.21 (.50)
Regression coeff. (SE) .42 (.040) .50 (.039) .31 (.054)
t(980) 10.50 12.67 5.86
p-value <2 9 1016 <2 9 1016 6.41 9 109
Adjusted R2 .10 .14 .033
Correlation PS r (980) = .58 r (980) = .31
95% CI (p-value) .61 to .53 (<2 9 1016) .36 to .25 (<2 9 1016)
Correlation PPC r(980) = .54
95% CI (p-value) .49–.58 (<2 9 1016)
Perceived support (PS), perceived psychological control (PPC) and perceived harsh punishment (PHP) in association with reported
depressive symptoms (CES-D) and their internal correlations.
Table 2 Demographic information on the STRATEGIES dataset, as well as TRAILS’ wave 1 and wave 2
Trails wave 1 Trails wave 2 STRATEGIES
N (Mean age) 1354 (10.58 years) 1354 (13.02 years) 982 (13.79 years)
Depression score: Mean (SD) 6.29 (3.22) 4.32 (3.60) 10.85 (9.32)
Depression score: Median (/max) 6 (/30) 4 (/30) 8 (/60)
Mean parental support (SD)/max 3.18 (.58)/4 X 3.91 (.64)/5
Mean psych. contr. (SD)/max 1.61 (.35)/4 X 1.88 (.64)/5
European ancestry (NL) European ancestry (BE)
Imputed SNPs for the 3 genes of interest (tot = 111) 103/111 0/111
© 2017 Association for Child and Adolescent Mental Health.
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the gene level: the gene-based interaction gives an overall
estimate. To address this issue, we highlighted the most
significant SNP in the gene and added a figure showing the
actual direction of the estimates (Section 6 in Appendix S1).
Finally, we applied Bonferroni correction to the gene-based
p-values for the number of genes tested (263 genes, cut-off for
correction: p < 1.90 9 104). Results of all 263 genes tested for
G 9 E are available upon request. Figure 1 represents a
summary of the applied method.
A power analysis conducted prior to analysis showed that a
sample size of N = 800 had more than 80% power for detecting
small environmental effects, genetic effects, and G 9 E inter-
actions that each accounted for only 1% of the variance with
a = .05.
Replication analysis
We analyzed genes that were significant in our primary
analysis (GRID2IP, GABRR1, and GABRR2) using the exact
same SNPs from the imputed TRAILS dataset as in our primary
analysis. The replication analysis was conducted in three
steps. First, we performed the same gene-based significance
test as used in the primary analysis. Second, in line with the
sign test (Ripke et al., 2013), we investigated the correlation
between the beta estimates of the two samples. Third, to
increase power, we combined both datasets and repeated the
gene-based test, now with a sample consisting of 58% replica-
tion set and 42% primary dataset; correcting the model
additionally for sample of origin. Details are provided in the
supplementary materials.
Results
Descriptive statistics and main effects of
environmental variables
CES-D scores ranged from 0 to 54 (Median = 8, Mean
(SD) = 10.86 (9.32)). The scores followed an approxi-
mately normal distribution following log-
transformation (Mean (SD) = 2.16 (.85)). In the present
sample, 23.5% of the adolescents (n = 231) reported a
score of 16 or higher. As summarized in Table 1,
perceived psychological control andharsh punishment
are positively associated with reported depressive
symptoms (PPC: Estimate = .50, t(980) = 12.67, p <
2 9 1016; PHP: Estimate = .31, t(980) = 5.86,
p = 6.41 9 109), and perceived support is negatively
associated (Estimate = .42, t(980) = 10.50, p <
2 9 1016). Age and gender were significantly associ-
ated with depressive symptoms (r(979) = .077,
p = .016 and ANOVA: F(1,980) = 8.97, p = .0028,
respectively), and with the perceived parenting dimen-
sions (age: PS: r(973) = .17, p = 4.04 9 108; PPC:
r(973) = .12, p = 7.3 9 105; PHP: r(973) = .082,
p = .011; gender: PS: F(1,980) = 11.39, p = .00077;
PPC:F(1,980) = 9.73,p = .0019;PHP:F(1,980) = 9.71,
p = .0019). Girls reported more depressive symptoms
and higher support, but lower psychological control
and harsh punishment. Perceived support was nega-
tively correlated with perceived psychological control
and harsh punishment, perceived psychological con-
trol and harsh punishment were positively correlated
(Table 1).
Genetic analyses and interaction effects
Genetic main effects. The effect of the glutamate-
related gene GRID2IP (glutamate receptor,
ionotropic, delta2-interacting protein) on depressive
symptoms was significant (p = 3.30 9 105; 11/23
SNPs with p < .05). This was the only gene effect
surviving Bonferroni correction for the main effect.
The most significant SNP in the gene was
rs11773436 (Estimate = .11; t(977) = 2.96;
SLC6A11
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Figure 1 Gene-based testing for gene–environment interactions. (A) Manhattan plot showing p-values for all 5052 SNPs in interaction
with perceived support (Bonferroni: 9.90 9 106). (B) Gene-based p-values for the 263 genes in interaction with perceived support
(Bonferroni: 1.90 9 104). (C) Interaction of the most significant SNP of the most significant gene [Colour figure can be viewed at
wileyonlinelibrary.com]
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p = 3.10 9 103; risk allele: G). Although the gene
was not significant at the gene-based level in the
replication analysis (p = .39), we found a strong and
significant correlation between the estimates of our
sample and the estimates of the replication sample (r
(21) = .68, p = 3.37 9 104). Furthermore, com-
bined analysis of both samples revealed a gene-
based significance level of p = 9.27 9 105, well
below the preset cut-off (p = 1.90 9 104).
Genetic interactions with perceived PS. Gene-
based testing was significant for two GABA-related
genes in interaction with perceived parental support
(Table 3 and Figure 2): GABRR2 (GABA A-receptor
rho2; p = 9.05 9 106) and GABRR1 (GABA A-
receptor rho1; p = 4.62 9 105). In the replication
analyses, none of the gene-based interaction results
were significant (lowest p-value: GABRR2; p = .15).
However, for GABRR2, the correlation of estimates
between the replication set and the primary dataset
was marginally significant: r(46) = .32, p = .027.
Moreover, the significance of the gene-based analysis
in the combined dataset was significant
(p = 1.63 9 104). GABRR1 and GABRR2 are in the
same region of chromosome 6; however, there was no
evidence for SNPs in LD between both genes (Sec-
tion 4 in Appendix S1).
Genetic interactions with PPC and PHP. None of
the genes interacted significantly with perceived
psychological control or physical punishment. Post
hoc analyses without the correcting covariate
interaction terms (Keller, 2014) did not meaningfully
change the results. Section 5 in Appendix S1 shows
the top five genes in interaction with the different
environmental variables.
Discussion
In line with the ongoing search for methods facili-
tating researchers to grasp the multifactorial nature
Table 3 Significant genes and SNPs
Gene GABRR2 GABRR1
Genomic location 6q15 6q15
p-value gene level p = 9.05 9 106 4.62 9 105
SNPs p < .05/
SNPs in gene
14/48 6/40
SNPs in G 9 E interaction
Most
significant SNP
rs2064831 rs1186902
p-value 2.26 9 104 1.37 9 104
Regression
coeff. (t-value; df)
.29 (3.70; 971) .26 (3.83; 970)
Adjusted R2
p-value
F (df)
.14
p < 2 9 1016
18.92 (9,971)
.13
p < 2 9 1016
17.72 (9,970)
HWE (p-value) .51 .50
rGE (ANOVA);
p-value
F(2,979) = .027;
p = .97
F(2,978) = .42;
p = .66
Significant genes in interaction with perceived support (PS)
and perceived psychological control (PPC), respectively. The
SNP reported in the second part of the table is the most
significant SNP of the gene in interaction with the environ-
mental parameter.
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Figure 2 Interactions for the most significant SNPs of the most significant genes as identified by gene-based testing. Interaction of the
different genotype groups of the SNP with the environment variable in explaining depressive symptoms. Statistical details of these SNPs
are shown in Table 3 [Colour figure can be viewed at wileyonlinelibrary.com]
© 2017 Association for Child and Adolescent Mental Health.
doi:10.1111/jcpp.12766 Gene-based testing in polygenic 9 multienvironment 1305
of psychiatric phenotypes, we present a method that
allows testing for gene–environment interactions in a
polygenic dataset for a complex phenotype. We
tested this approach in our dataset of approximately
1,000 adolescents, with reported depressive symp-
toms as outcome measure, and perceived parental
support, psychological control, and harsh punish-
ment as environmental exposures. After correction
for multiple testing, we found evidence for two genes
interacting with perceived support in association
with depressive symptoms in adolescence. These
genes appeared to be exposure-specific.
Polygenic approach of a multifaceted
environmental context
This gene-based method represents an intuitive
approach that extends the possibilities of G 9 E
research and takes the field to the polygenic stage.
To our knowledge, we are the first to use this method
to identify genes involved in G 9 E interactions for
psychiatric phenotypes. This approach summarizes
the genetic information at the gene level. Therefore,
the method can be used with realistic sample sizes
that allow for an extensive and precise assessment of
environmental exposures, which is a prerequisite for
high-quality G 9 E research (Levinson et al., 2014;
Ripke et al., 2013).
Our investigationofmultiple environmental param-
eters in interaction with multiple polymorphisms
shows how different aspects of an environmental
exposure (i.e. parenting) can interact differently in a
polygenic phenotype. Evidence for interaction was
specifically present for perceived parental support. In
spite of evidence for methylation differences attribu-
ted to positive parenting styles (Zhang & Meaney,
2010), parental support is rarely investigated in gene–
environment interaction research.
Biological interpretation of the findings
Parental support interacted with two GABA-related
genes (gamma-aminobutyric acid): GABRR1 and
GABRR2 (both genes coding for subunits of the
GABAA-rho receptor, formerly known as GABAC-
receptor (Enz, 2001; D. Zhang, Pan, Awobuluyi, &
Lipton, 2001)). It is well-known that both GABAA and
GABAA-rho receptors are ionotropic receptors, but
the exact mechanism of different subunits involved
in the GABAA-rho receptor function in the central
nervous system remains unclear (Olsen & Sieghart,
2009; Petriz, Reyes-Haro, Gonzalez-Gonzalez,
Miledi, & Martınez-Torres, 2014; Yoon & Lee, 2014).
Unlike most existing theories for depression and
depressive symptoms that focus on serotonin and its
transporter (Asberg, Thoren, Traskman, Bertilsson,
& Ringberger, 1976; Owens & Nemeroff, 1994; Uher
& McGuffin, 2010; Whittington et al., 2004), these
results seem to support recent findings showing
GABAergic involvement in depression (Guilloux
et al., 2012; Lener et al., 2016; Luscher, Shen, &
Sahir, 2011; M€ohler, 2012; Ren et al., 2016). The
GABA hypothesis focuses predominantly on a GABA
deficit associated with depression. In this hypothe-
sis, the GABAA receptor is believed to play a key role
in the development of such a GABA deficit (Luscher
et al., 2011; M€ohler, 2012). Our results suggest that
GABA-related genes may facilitate GABA transmis-
sion and availability in a context of perceived sup-
port and act as a protective factor when it comes to
adolescents’ reported depressive symptoms.
Limitations
Although we believe that the method presented is a
substantial contribution to the field, a number of
assumptions and potential limitations need to be
considered. First, each newly introduced method
needs validation through simulation studies that
allow researchers to estimate false-positive rates.
The most important assumption of this method is
that thephenotype ispolygenic.Due to its focuson the
gene level, all SNPs are considered simultaneously.
Hence, the presence of single causal variants can be
masked. Nevertheless, this study shows the multiple
possibilities of studying G 9 Ewith an extended gene
list in any kind of dataset. The method as it currently
stands, facilitates a transparent analysis of genetic
data, in which modifications and improvements
through more complex modeling could be incorpo-
rated easily. Optimizing the use of the method for
GWAS datasets or datasets where polymorphisms
cannot be easily annotated, is our next step in
validating this enrichment-based approach.
As a second remark, replication of our results is
vital to confirm the involvement of genetic variation
in GABA-related genes in moderating the effects of
parenting on depressive symptoms. However, due to
our specific selection of environmental variables, an
exact replication of the gene–environment interac-
tions was challenging. Nevertheless, there was some
support for the GABRR2 9 support interaction in
our replication, given the marginally significant
correlation of the beta estimates, and the significant
gene-based interaction results in the combined dis-
covery and replication samples. Moreover, the
results also seem to indicate that the genetic main
effect of the GRID2IP gene was unlikely identified by
chance, as we found a high and significant correla-
tion between the estimates. Furthermore, the anal-
ysis of the combined datasets that was applied is
conceptually similar to an Individual Participant
Data Meta-Analysis (IPDMA), which is considered
the gold standard of meta-analysis. An IPDMA uses
the individual patient data rather than summary
statistics, thus increasing power and precision.
However, the application of typical meta-analytical
techniques such as estimating heterogeneity is not
© 2017 Association for Child and Adolescent Mental Health.
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informative when k = 2. Any estimates of s2 and I2
one might obtain, are untrustworthy. Therefore, we
have opted not to refer to our combined analysis as a
‘meta-analysis’ and/or conduct formal analyses to
estimate heterogeneity.
Further replications are required in order to
increase the robustness of these findings. The limited
number of genetic markers also created difficulties in
obtaining a reliable estimate of population stratifica-
tion based onMDS-plots. Additionally, we noticed that
our environmental variable of interest (i.e. perceived
parenting) was also prone to population stratification.
This was probably due to cultural differences that
co-occur with the underlying genetic population
structure. To limit the impact of this ‘cultural
stratification’ on our final results, we excluded all
non-Caucasian participants.
Although we managed to increase power by looking
at a gene-based level, power remains an important
issue in any polygenic method. The power analysis
was based on an alpha of .05, which is also the
significance level we took into account for the SNP-
based analysis prior to the actual gene-based analy-
sis. As the power calculation does not take the
correction for the 263 genes tested into account, the
proposed power at a sample size ofN = 800may be an
overestimation, as the results of the replication anal-
yses also seem to indicate. Also, it could be argued
that there is a need for additional control for the
number of environmental variables tested. Due to
their high internal correlations, this would result in
the need to control for two ‘independent’ tests, which
would not have changed the reported results.
The self-report questionnaires used to assess the
environmental variables and outcome parameters
were completed at a single point in time; therefore,
this can introduce a common source bias. Also, these
results do not provide information that allows draw-
ing causal conclusions. Additionally, self-report ques-
tionnaires can be prone to a number of biases, such
as reporting bias, shared informant, and recall
biases. We are also aware of the possibility of selec-
tion bias that comes along with population studies, as
well as a possibility that psychological control and
harsh punishment may yield missing values that are
nonrandom in nature, due to the sensitive informa-
tion the questionnaire is referring to.
Conclusion
By describing this method that allows researchers to
investigate G 9 E interactions in a polygenic context,
we showed that polygenic approaches are not only
important to grasp the polygenic structure of the
phenotype itself (Ripke et al., 2014; Smoller et al.,
2013). They appear equally important in understand-
ing the impact of different environmental factors in
interaction with the individual’s genetic background.
Earlier candidate gene studies illustrated how genes
can affect adolescents’ susceptibility to both positive
and negative environments (Belsky, Bakermans-
Kranenburg, & van IJzendoorn, 2007). The next
important step in G 9 E is to examine the interactions
with multiple environmental variables in a polygenic
manner and to gain insight into how different genes
and polymorphisms affect susceptibility for disease as
a function of different exposures. Further down this
road, we can incorporate epistasis, gene–gene–envi-
ronment interactions (G 9 G 9 E), and more complex
interactions and network modeling to increase our
understanding of susceptibility for the environment at
the genomic level.
Supporting information
Additional Supporting Information may be found in the
online version of this article:
Appendix S1. Extended supporting information
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Key Points
• Gene-based interaction analysis is a valid method for gene–environment analysis in a polygenic context.
• GABRR1 and GABRR2 interact with perceived support, pointing at GABA involvement in depressive symptoms.
• The finding of GABRR2 was also partly supported by a replication in an independent dataset.
• For one phenotype, different genes interact differently with different aspects of environmental exposure. This
highlights the importance of a polygenic method that allows for discrimination at the gene level and stresses
the importance of thoroughly assessing the environment for G 9 E.
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